In the present report, we have generated osteoblast-like cells derived from mouse induced-pluripotent stem (iPS) cells on PLGA with osteoinduction medium in vitro and in vivo. The cell culture period was 2 weeks. At 2 weeks, mRNA level of type I collagen was significantly higher than at 1 week. Osteocalcin mRNA level at 2 weeks was tendency to increase compared with at 1 week. And the cells cultured on PLGA were positive for immunofluorescent staining of osteocalcin and alizarin red S staining. The scaffold and osteogenic-like cells induced in vitro were implanted subcutaneously into SCID mice. In resected teratoma, hard tissues resembling bone were observed mixed with other tissues on the scaffold. The sum of these findings suggests that PLGA does not disturb the osteogenesis of iPS cells.
INTRODUCTION
In general, the transplantation of bone, a combination of titanium, which is a bioinert and non-bioabsorbable material, and particulate cancellous bone and marrow (PCBM), has been used for bone reconstruction therapy. However, there are still many problems with that procedure, such as the damage of healthy tissue required to get the transplant bone, the necessity to remove the non-bioabsorbable materials at a later time, an insufficient cell density in the PCBM, and other reasons.
To resolve the damage of healthy tissue and the supply of cells, the application of induced-pluripotent stem (iPS) cells has been tried in the clinic. iPS cells can be made in minimum invasive treatment and have the ability to undergo self-renewal and to differentiate into various cell types in the body [1] [2] [3] , and therefore they represent a potential renewable cell-source for cell therapies and regenerative medicine 1) .
Furthermore, to resolve the problems of nonbioabsorbable materials, recently, biodegradable materials, such as poly-l-lactic acid (PLLA) and polylactic-glycolic-acid (PLGA), have been used. Those materials can be fabricated for a wide range of biomedical applications with a high processability, controlled degradation, adjustable mechanical properties, and the possibility for modification [4] [5] [6] . In particular, PLGA has been used extensively in the biomaterial field and is generally considered to be biocompatible. Additionally, the degradation rate of PLGA used as a scaffold can be controlled through an appropriate choice of the lactideto-glycolide ratio in the polymer 7, 8) .
Generally cells, especially stem cells included iPS cells, do not inherently attach to any surface -there must be some surface functionalization to promote adhesion. Means of attachment not only affect cell adhesion, but also growth and differentiation 9) . And in the outgrowth cells from iPS-embryonic bodies (EBs), it needs to gelatin-coated treatment for cell attachment 10) . But, gelatin is difficult to hold shapes and keep strength for a long time, and is not suitable as scaffold in terms of bone regeneration.
About the relationship between cells and PLGA in osteogenic differentiation, Calvert et al. found that bone marrow stromal cells cultured in the presence of soluble osteoinductive factors differentiate to form a mineralized extracellular matrix when attached to PLGA matrices 11, 12) . However there are no reports that the cells derived from iPS cells on PLGA promote osteogenesis. So this study investigated whether the cells derived from iPS cells on PLGA plate with osteoinduction medium promoted osteo-differentiation.
MATERIALS AND METHODS
Scaffold treatment and contact angle 1. Scaffold treatment PLGA, poly DL-lactic acid glycolic acid (LA: GA=75:25, MW=120,000), plates (GC, Tokyo, Japan) were used. According to manufacturer's instructions, PLGA plates were treated with 70% ethanol for about 10 min to improve their hydrophilicity, and then were washed with sterilized distilled water and α-MEM (Gibco, New York, USA) four times each. The scaffolds were then incubated overnight and immersed in α-MEM. The control was polystyrene plates (Sumitomo bakelite, Tokyo, Japan) treated with 0.1% gelatin and incubated overnight. Both plates are discs 13 mm of diameter, have a smooth surface and are transparent. However, the PLGA plates turned cloudy on the next day. iPS cell colonies were scratched and transferred to Petri dishes and cultured in floating culture for 5 days. EBs were then plated on gelatin-coated dishes for 5 days in EB medium. Dissociated EB and EB-outgrowth cells were filtered through a 70 µm mesh, and then were replated on gelatin-coated dishes. After reaching confluence, they were repeatedly passaged 4-6 times. 35×10 4 cells were seeded on each type of plate, and after 12 h the α-MEM was removed and replaced with osteoinduction medium. The cell culture period was 2 weeks. In the in vivo experiment, the cells and scaffolds after 1 week of osteoinduction were transplanted subcutaneously, and after 35 days, the implants were resected.
Contact angle
The surface wettability of the plate was determined by contact angle measurement using double-distilled water and a contact angle meter (Phoenix α, Meiwaforces, Tokyo, Japan). The both type of plates were measured just before cell seeding. In other word, in PLGA it was measured after immersing in α-MEM following to hydrophilic treatment, and in gelatin-coated plate after immersing in α-MEM following to gelatin coat. Measurements were made at 2 points on the sample at 5 s after application of the droplet.
In vitro experiment 1. Cell culture The mouse iPS cell line iPS-MEF-Ng-20D-17 was obtained from RIKEN (Tsukuba, Japan), and was cultured as previously reported 1, 13) . Cultures were switched to feederless cell culture using the medium (Esgro Complete Plus Serum Free Clonal Grade Medium and Esgro Basal Medium, Millipore, Temecula, CA, USA). According to the method of Nakatsuji 10) , briefly, iPS colonies were dissociated with a scraper and were then transferred to Petri dishes to form EBs. EBs were maintained in floating culture in EB medium for 5 days.
The EB medium consisted of high glcose D-MEM (Nacalai Tesque, Kyoto, Japan), 10% fetal bovine serum (French origin, Biowest, Nuaillé, France), 10% Knockout Serum Replacement (Gibco) and 1% penicillin streptomycin (10,000 U/mL, Gibco). After 5 days, EBs was seeded in cell culture dishes coated with 0.1% gelatin (Sigma, St Louis, MO, USA) and was maintained in EB medium. Those cells then migrated away from the EBs. After 5 days, the cells were trypsinized (0.25% trypsin/EDTA, Gibco) and filtered through a 70 µm mesh and expanded in EB medium on 0.1% gelatin-coated dishes. When confluent 2-4 days later, cells were harvested with 0.25% trypsin-EDTA and then were regularly passaged at a 1:2 ratio. After repeated passaging, cells were reduced in number and a morphologically homogeneous population became evident. We used iPS cells at 4-6 passages. Each coated plate was placed in a 24-well plate, and seeded with 1,000 µL of outgrowth cells in α-MEM containing 10% fetal bovine serum (35×10 4 cells). After about 12 h, the medium was changed from α-MEM to osteoinduction medium. Cell-plate constructs were cultured in α-MEM containing 10% fetal bovine serum and supplemented with 50 µg/mL ascorbic acid (Wako, Osaka, Japan), 10 mM β-glycerol phosphate (Sigma) and 100 nM dexamethasone (Wako). The medium was changed every 2 days for 2 weeks. We showed the scheme of the experimental protocol at Fig. 1 .
SEM
The attached cells on the two substrates were removed by rinsing twice with PBS (pH 7.4, 37°C). Subsequently, fixation was carried out overnight at 4°C in 2.5% glutaraldehyde and 2% paraformaldehyde in the same buffer. Cells were rinsed in PBS, dehydrated in a series of ethanol, dried by tetramethylsilane (Tokyo Chemical Industry, Tokyo, Japan), and sputter-coated with gold. Finally, the cells were observed using a scanning electron microscope (SU6600, HITACHI, Tokyo, Japan). 
Cell viability

Alizarin red S staining
To evaluate the osteogenic differentiation of iPS cells cultured in the PLGA scaffold, alizarin red S staining was performed. Osteogenic medium was removed from the scaffolds and they were washed with PBS, fixed with 100% ethanol for 10 min and then removed and dried at room temperature for about 10 min. Then, 1,000 µL alizarin red S staining solution was placed on the washed scaffolds and incubated for 10 min. Finally, the scaffolds were washed with distilled water until the washing water was clear.
In vivo experiment
This study was performed in accordance with the animal ethics protocols approved by The Tokyo Dental College Animal Ethics Committee (Approval Number 273204). Scaffolds and cells after osteoinduction for 1 week were transplanted subcutaneous tissue in 9-week-old female C.B-17/lcr-SCID mice (CLEA, Tokyo, Japan). Thirty five days after transplantation, the scaffolds and surrounding tissues were resected from the mice. Specimens were subjected to H-E staining and immunohistochemical staining. The primary antibody against OCN (Santa Cruz Biotechnology) was added. As a secondary antibody, MACH 2 Double Stain1 (Biocare Medical, Concord, MA, USA) was employed and for visualization, and a Betazoid DAB chromogen kit (Biocare Medical) was used.
Statistical analysis
Differences between groups were assessed by one-way analysis of variance (ANOVA) with a Bonferroni posttest, and significance was determined by a p value of <0.05. Differences between groups were assessed by Student's t-test in the case of contact angle only, and significance was determined by a p value of <0.05. Data points are reported as means±standard deviation.
RESULTS
Firstly, for checking the plate property, the contact angle of both plates, just before seeding cells, was measured. Both plates' contact angle was less than 90°, so their surface was hydrophilic. But the PLGA plate contact angle was significantly higher than that of the control group (Fig. 2) , so it was more hydrophilicity. Secondly, the cells on the plate were morphologically observed using by SEM. PLGA plate is cloudy after immersing in medium, we could not see the cells. So Contact angle of both types of plates before seeding cells after hydrophilic treatment was shown. The contact angle of PLGA plate was significantly higher than the gelatin-coated plate. we performed morphological observation by not phase contrast microscope but SEM. SEM images of iPS cells at about 12 h after seeding are shown in Fig. 3 . On gelatincoated plate, most cells were spread with cell process, but on PLGA plate, some part of cells was spread with cell process, but other part of cells was round up. Next, CCK-8 assays were carried out to determine how many cells were viable on both plates at the time of 12 h, 1 and 2 weeks after seeding cells. The results are shown in Fig. 4 . There were no significantly differences between both plates at 12 h and 2 weeks. But at 1 week, on gelatin-coated plate, there were significantly more cells than on PLGA plate. It was found that cells on gelatin-coated plate were proliferated faster than on PLGA.
The accepted model of osteoblast differentiation describes a three-step process; proliferation, matrix maturation and matrix mineralization in which specific patterns of gene expression are correlated with the different steps 7, 14) . In the proliferation step, Runx2 is expressed initially, followed by the expression of Collagen Type I and Alkaline Phosphatase (ALP). In the matrix maturation step, BSP (Spp1) and OPN are expressed, and eventually, OCN expression is evident in the matrix mineralization step. So we performed type I collagen, spp1 and osteocalcin were measured in qPCR. And the protein expression of osteocalcin was confirmed in immunofluoroscent staining, calcium deposition was confirmed in alizarin red S staining.
Quantitative RT-PCR analysis of osteoblast gene expression by differentiation is shown in Fig. 5 . The expression of type I collagen in the PLGA plates at 2 weeks was significantly higher than the others. In the gelatin-coated plate, the expression of Spp1 and OCN at Relative mRNA expression levels of Col I Spp1 and OCN. In the PLGA plates at 2 weeks, the mRNA expression level of type I collagen was significantly higher than the others. In the gelatin-coated plates, the mRNA expression level of Spp1 and OCN at 1 week was higher than at 2 weeks. 2 weeks was significantly lower than at 1 week. In the PLGA plates, the expression of OCN at 2 weeks tended to be higher compared with at 1 week. Figures 6a) and b) shows the immunofluorescent staining of OCN after 2 weeks of osteoinduction. OCN, a late marker of osteogenesis that corresponds with the induction of mineralization, was detected in both groups. The majority of cells on the PLGA plate were positive for OCN, but a few cells of the gelatin-coated plate were positive. The PLGA plate was strongly positive for OCN compared with the gelatin-coated. And mineralized matrix aggregates were observed after 2 weeks of culture on both types of plates by alizarin red S staining (Figs. 6c) and d)). Although both plates were positive, contrary to immunofluoroscent staining of OCN, the gelatincoated plate was much stronger. This means that cells in the gelatin-coated plate were more calcified. According to the above results, at the time of 2 weeks, we suggested that majority of cells on PLGA were progressed in proliferation step and cells on gelatincoated plate were progressed in mineralization step.
The results of in vivo experiment were shown in Fig. 7 . Both plate, teratoma was occurred around plate in SCID mice subcutaneously. The tumor contained bone-like tissue and several different types of tissue. In formation of bone-like tissue, PLGA plate could stand comparison with gelatin-coated plate. In immunohistochemical staining, osteocalcin was detected about the same between both groups.
DISCUSSION
In this experiment, cells differentiated from iPS cells could be induced to be osteodifferentiation on PLGA plate with osteoinduction medium in vitro and osteogenesis was confirmed in vivo. But the proliferation and differentiation of iPS cells on PLGA was slower than on gelatin-coated plate. We considered the reasons from the view point of PLGA and the used cell.
PLGA is well known to biodegradable materials and synthetic polymers which can be used as scaffolds. Biodegradation is defined to be a phenomenon where a material is degraded or water solubilized by any process in the body to disappear from the implant site [15] [16] [17] [18] . There are two mechanisms for material disappearance. First, the main chain of the material is hydrolysed or is enzymatically digested to smaller fragments, and finally disappears. Second, the material is chemically cross-linked to form a hydrogel that is soluble in water. When a cross-linking bond is degraded to generate water-soluble fragments, the fragments are washed out from the implant 17) . Suganuma and Alexander showed that foreign inflammatory reaction to PLLA, which component is one of the PLGA, might be caused by the release of PLLA microparticles generated during degradation 19) . So, in this experiment, some chemical components from PLGA might affect the surrounding tissues, and there were possibility of decreasing cell proliferation and differentiation.
And it is known that PLGA is inadequate for cell attachment and proliferation 20, 21) . There are many factors about surface adsorption of biomaterials, contact angle is often used as an indicator of them. In case of contact angle is closer to 180°, the surface of material is a hydrophobic, in contrast, it is closer to 0°, the surface is a hydrophilic 15) . And there are the widely accepted concept that the mechanism by which cells adhere to most tissue engineering scaffolds involves a two-step scaffold involves a two-step process: first, ECM proteins present in serum adsorb onto the polymer scaffold; then cells adhere to these serum-adsorbed protein 22) . One study investigating integrin expression by a fetal osteoblastic cell lines as a function of substratum wettability revealed that cells cultured on hydrophilic surfaces display higher levels of integrin subunits than do those cultured on hydrophobic surfaces 23) . In this study, PLGA is significantly more hydrophobic than gelatincoated plate, which may be a factor in the differential adsorption of ECM proteins present in serum. MSCs adhesion to type I collagen fosters to osteogenesis to greater extent 24, 25) , the surfaces of PLGA might adhere less serum-adsorbed protein than gelatin-coated plate, gelatin is composed of same amino acid to collagen. As a result, the speed of cell proliferation and differentiation on PLGA was slower than on gelatin-coated.
In this study, we used the cells derived from iPS-EBs. EB formation is one of the most broadly used methods for inducing embryonic stem cells (ESCs) or iPSCs towards MSCs towards mesenchymal differentiation 26) . However, the initial EB-mediated differentiation is spontaneous and thus composing all kinds of somatic cells along with the MSCs. Enrichment of MSCs-inducing medium followed by fluorescence activated cell sorting (FACS) is commonly required after EB differentiation. Embryoid body-independent mesenchymal differentiation methods have been developed and optimized during the last few years to facilitate the induction of MSCs from human ESCs/iPSCs 27) . Lim et al. applied a modified method by culturing single hESCs on gelatin-coated plates in a conditional that are suitable for MSCs growth, which has greatly improved the efficiency of deriving functional MSCs [26] [27] [28] . Repeated passaging by trypsinization has been showed to enriched MSCs population 28) . But, mechanism of why functional MSCs, or mesenchymal progenitor cells named by Yen et al. in their study, can efficiently derived from iPSCs by serial culturing and trypsinization needs further investigations 29) . Zou et al. showed one possibility, it might be associated with the used serum, but speculated that the serum effect should not be main effector 26) . In this experiment, it was able to be osteoinducted with the cells passaged repeatedly by trypsinization in vitro, but in vivo there was teratoma formation. We thought the method of our experiment could not make a group of functional MSCs. For making the functional MSCs, the cells differentiated from iPSs must be selected by surface marker.
Furthermore in MC3T3-E1, which is a famous osteoblast precursor cells, poly(L-lactide) can stimulate ALP activity, which is one of the osteoblast marer 30) , and it is known that the behavior of MC3T3-E1 cells is affected by the surface on which they are grown, and MSCs also do proliferate and mineralize on PLGA 12, 31) . But in our experiment, such a result could not be obtained. Probably, serum-contained protein adsorbed on PLGA might have a great effect, cell proliferation and mineralization could not been assisted.
But in this experiment, we found that PLGA does not disturb osteogenesis of iPS-EB outgrowth cells. Therefore the combination of iPS-EB outgrowth cells and PLGA as a scaffold holds great potential for patientspecific regeneration medicine. iPS cells not only have the properties to undergo self-renewal and differentiate various cells but they also overcome ethical concerns and problems with immune rejection 1, [32] [33] [34] . But the method of cell and scaffold attachment, iPS-MSCs differentiation must be confirmed with xeno-free. And the application of iPS cells and scaffold will require much more preclinical evaluation and testing, including safety assessment and a safer approach as it is in other aspects 35, 36) . In the near feature, when osteogenesis in three-dimensional scaffolds and the safety in vivo are confirmed, we may be able to make a clinical jawbone reconstruction being the same shape as the excised bone, reproduced by a threedimensional printer.
